Transglutaminase 3 (TGase 3) is a member of a family of Ca 2+ -dependent enzymes that catalyze covalent cross-linking reactions between proteins or peptides.
INTRODUCTION
Transglutaminases (TGase; protein-glutamine: amine γ-glutamyl-transferase) are a diverse family of Ca +2 dependent enzymes with distinct genes, structures and biological functions (1) (2) (3) (4) . They are responsible for blood clotting (5), apoptosis (6), seminal fluid coagulation (7), extracellular matrix, bone formation (8, 9) , and barrier formation in stratified squamous epithelia (10) (11) (12) (13) . water, the net result is deamidation of the glutamine (to glutamic acid); or (iv) the terminal ω-alcohol group of certain long-chain epidermal-specific ceramides, a glutamate ester linkage results (14, 15) .
To date, six different TGases are expressed in epithelia and are thought to be involved in the assembly of the cell envelope (CE). At least two different TGase enzymes are known to be required for effective barrier formation (4, 14) and include:
the TGase 1 enzyme, which is usually membrane bound (8, 16) , and the TGase 3 enzyme, which is cytosolic (17, 18) . It has been assumed that among all TGases, only TGase 2 binds GTP, and hydrolyzes it to GDP (19) (20) (21) . The GTP bound TGase 2 appears to activate phopholipase C (PLCδ1) by lowering the calcium requirement of phopholipase C for substrate hydrolysis (22, 23) , and is therefore a crucial element for signal transduction (24) . GTP binding by TGase 2 inhibits calcium binding resulting in by guest on January 22, 2018 http://www.jbc.org/ Downloaded from the inhibition of TGase transamidation activity, whereas calcium binding inhibits GTP binding and activates the enzyme (25) . Despite the availability of the TGase 2 structure bound to GDP (26) , it remains unclear how calcium and GTP binding are able to reciprocally regulate the activity of the enzyme. The TGase 2 structure did not indicate the presence of bound divalent cations owing to its inactive state.
Here we present an extensive set of biochemical and crystallographic data showing how the TGase 3 enzyme interacts with GTP and with Ca Moreover, we show that TGase 3 is able to hydrolyze GTP to GDP effectively. The crystal structures of TGase 3 in the presence of the non-hydrolyzable GTP analog GTPγS at 2.1Å and also GDP at 1.9Å show three regions of switched conformations in comparison to our previous TGase 3 structure in the absence of guanine nucleotide (27, 28) . GTP binding is coordinated with a substitution of one of the three Ca 6 mg/ml in a buffer of 20 mM Tris-HCl (pH 8.0) containing 1 mM EDTA and 125 mM NaCl) was treated with 3 mg of dispase (Roche) at 37 o C for 30 min. However, the dispase contains significant amounts of Ca 2+ ions. The protein was then passed through a monoQ column with a linear gradient of 0-500 mM NaCl, and eluted at 150 mM NaCl.
The protein was extensively dialyzed against 25 mM Tris-HCl (pH 8.0) containing 1 mM EDTA and 125 mM NaCl. The TGase 3.GTPγS complex was made with 15 mg/ml of proteolyzed TGase 3 with 0.575 mM CaCl 2 , 1 mM MgCl 2 , 1 mM GTPγS (a nonhydrolysable GTP analogue). The TGase 3.GTP complex was made in similar fashion except the 1 mM GTPγS was replaced with 1 mM GTP salt.
The crystallization trial conditions of both TGase 3.GTPγS and TGase 3.GTP complexes were performed using the hanging-drop vapor-diffusion method by adding the nonionic detergent β-octyl glucoside (0.1 mM) to 100 µl of protein in 25 mM TrisHCl (pH 8.0), 1 mM EDTA, and 125 mM NaCl at a concentration of 15 mg/ml. To a fresh 2 µl of protein, 2 µl of precipitant solution was added and equilibrated over a well solution containing 4-10% (w/v) PEG 6K and 100 mM Na-Hepes (pH 7.0) at 21°C for TGase 3.GTPγS complex. The TGase 3.GTP crystallization (15 mg/ml) was done using 0.1 mM cymal-6 in 100 µl of protein in 25 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 125 mM NaCl. To a fresh 4 µl of protein, 2 µ l of reservoir solution was added and equilibrated over a well solution containing 4-12% (w/v) PEG 6K, 100 mM Tris-HCl (pH 8.0) at 21 °C.
The thin, plate-like crystals were harvested into mother liquor containing 20%
MPD as the cryoprotectant, and were then flash-frozen at 100 °K into liquid nitrogen with a rayon mounting loop (Oxford Cryosystems, Oxford, UK) prior to data collection.
All data was collected at the National Synchrotron Light Source, Brookhaven National by guest on January 22, 2018 http://www.jbc.org/
Downloaded from
Laboratories, using beamline X9B, the ADSC Quantum 4 detector with a wavelength of 0.92 Å, crystal distance-to-detector of 170 mm, and oscillation range of 1.0º and exposure for 30 second for TGase 3.GTPγS complex and crystal distance-to-detector of 160 mm, and oscillation range of 1.0º and exposure for 40 second for TGase 3.GTP complex. The diffraction data from sets of crystals were indexed, processed, scaled, and merged using the HKL2000 suite of program (30) . The data collection statistics of crystals are summarized in Table I .
Structure determination and refinement
The crystal structure of the TGase 3.GTPγS was solved by molecular replacement using AmoRe (31) and a resolution range of 10 to 3.5 Å for the rotation search and between 10 to 3.0 Å for the translation search. There were two solutions to both the rotation and translation searches. These solutions gave rise to two molecules within each asymmetric unit. The model of the TGase 3 activated enzyme (PDB entry 1L9M; 27) was used as the initial search model. The initial R-factor after correctly orienting and positioning the two molecules was 33.5% for all the data from 10 to 3.0 Å resolution. The rigid-body refinement using CNS (32), followed by simulated annealing applying strict two-fold non-crystallographic symmetry (NCS) constraints (33) to 3.0 Å resolution, improved the solutions yielding a final R factor of 31.8%. At this stage a clear density for GTPγS was observed in 2|Fo|-|Fc|. Initial phases were further improved using solvent flattening (34) with two-fold NCS molecular averaging (35) . For final refinement, the NCS restraints were released. After many cycles of manual model rebuilding into SIGMAA-weighted 3|Fo|-2|Fc| and |Fo|-|Fc| electron density maps (36), the refinement converged at an R-factor of 20.0% which included all low-resolution data set from 20 Å resolution as bulk solvent correction for 2.1 Å (with no σ cutoff) data 8 set. In each cycle of refinement, model bias was avoided by calculating a composite simulated annealing omit map, which was regularly used to verify, correct or build the model. In order to avoid over fitting of the model, each step of the rebuilding procedure was monitored using the free R-factor and a residue real space correlation coefficient as a guide. Water molecules were included in the model based on hydrogen bonding and the presence of reproducible peaks in electron density maps based on their effects on the free R value.
The two monomers of the preliminary model TGase 3.GTPγS complex without
GTPγS nucleotide was used to refine against TGase 3.GTP complex data set. The model was refined in CNS (32) and with the simulated annealing, positional, and B-factor refinement protocols using a maximum-likelihood target (37) . Anisotropic scaling and a bulk solvent correction were used, and the individual B-factors were refined isotropically. Except for the free R set (a random sampling consisting of 9.6% of the data set), all data between 20 and 1.9 Å (with no σ cutoff) were included in the refinement which was converged at an R-factor of 20.50%. The GDP molecule was clearly identified in 2|Fo|-|Fc| map and was guided by simulated annealing omit map. The stereochemistry of both structures were analyzed with the programs PROCHECK (38) and CNS (32) . Figures were generated with Molscript (39), Raster3D (40) , and Grasp (41) programs.
Microcalorimetric titration studies of nucleotide binding of TGase 3
The thermodynamic properties of nucleotide binding to the activated TGase 3
were measured at 30 °C by isothermal titration calorimetry using a MicroCal VP-ITC calorimeter. Prior to measurements, the activated TGase 3 (6.8 mM) was dialyzed three times against 20 mM Tris-HCl (pH 8.0) and 1 mM standard CaCl 2 solution (Fisher Scientific) was placed in a 1.38 ml sample cell. Three different nucleotide 0.19 mM GTPγS, 0.275 mM GTP and 0.37 mM GDP were titrated against the activated TGase 3.
The series of automatic injections starting with 5 µl each into the protein solution and following with 10 and 20 µl aliquots using a 250 µl syringe respectively. After each injection, a 5 min pause was allowed for reaching the baseline. Heat produced due to dilution was measured by injecting the nucleotide solution into the sample cells from which TGase 3 protein was omitted. For each titration step, the heat of dilution was subtracted. Data were fitted to appropriate binding models and thermodynamic parameters were determined from nonlinear least-squares fits, using ORIGIN TM software.
TGase 3 activity assay
TGase activity was measured by incorporation of [ 
Results

TGase 3 binding and regulation by guanine nucleotides
We previously reported the crystal structure of zymogen and that of the activated form of TGase 3 enzyme (27) . In the activated form, a β-octylglucoside molecule used in the crystallization condition was observed in a hydrophobic pocket of the enzyme. The corresponding site in TGase 2 was reported to be involved in the binding to GDP (26) . Therefore, we wondered if TGase 3 could also bind directly to GTP and hydrolyze it to GDP. In that way, GTP hydrolysis might act as a molecular switch to regulate the activity of TGase 3.
We measured directly the binding of TGase 3 to GTPγS, GTP and GDP. These interactions were determined using recombinant, purified active TGase 3 enzyme and isothermal calorimetry (ITC) (see Figure 1) . In all cases, these guanine nucleotides bound to TGase 3 at a molar ratio of nearly 1:1. Moreover, the dissociation constants We next investigated to what extent guanine nucleotides are able to regulate the activity of TGase 3. In TGase 2, GTP and calcium are known to reciprocally act on the enzyme, with GTP acting to inhibit the transglutaminase activity while calcium stimulates this activity (24) . Therefore, we first determined the amount of divalent cation required for guanine nucleotide binding and hydrolysis of TGase 3 based on transamidation activity (Figure 2A , B). The data indicate that GTP is a potent inhibitor of the TGase 2 activity ( Figure 2C ). In the presence of a lower concentration of Ca 2+ ion the TGase 3 is completely inhibited by micromolar concentrations of GTP ( Figure 2C ).
An increase in the concentration of Ca 2+ in the assay mixture progressively suppresses the inhibition by GTP ( Figure 2C ). The binding appears specific for the guanine nucleotide triphosphate. However, the data in Figure 2D suggests that the relative inhibition of TGase 3 by nucleotide triphosphates is: ATPγS>ATP>GTPγS>GTP.
We additionally investigated whether TGase 3 has any intrinsic GTPase activity ( Figure 2E ). Interestingly, TGase 2 had been known to hydrolyze both ATP and GTP (21) . Therefore, we tested for both the GTPase and ATPase activities of TGase 3 in the presence of 1 mM Mg 2+ and 0.575 mM Ca 2+ (these divalent cation concentrations were identified to be optimal based on the data in Figure 2A , B). The data in Figure 2E indicate that unlike concentrations.
Overall architecture of TGase 3.GTPγS/GDP complexes
We solved crystal structures of TGase 3.GTPγS and TGase 3.GDP complexes at 2.1 and 1.9 Å resolution, respectively. Except for the addition of guanine nucleotides, the crystallization conditions used here were nearly identical to those previously used to crystallize this enzyme in the absence of nucleotide, and these conditions include the presence of 0.575 mM Ca 2+ and 1 mM Mg 2+ (28) . Figure 2 shows the overall architectures and binding sites for the GTPγS and GDP molecules. Both the GTPγS and GDP crystals contained two independent subunits of 692 residues within their asymmetric units. The arrangement of the two subunits in these complexes is identical, and the same one was reported earlier for the activated TGase 3 enzyme in the absence of guanine nucleotide (27, 28) . The two subunits in each of the current structures lack density for a flexible loop between residues 462-478 in subunit A and 460-472 in subunit B. This flexible hinge region harbors Ser469-Ser470, the cleavage site used for proteolytic activation of the TGase 3 zymogen. The RMSD difference between the 673
Cα-carbon atoms of the two A and B subunits is 0.42 Å in each complex. The 673 Cα-carbon superposition of subunit A in TGase 3.GTPγS with subunit A in TGase 3.GDP is 0.48 Å indicating that the Cα-backbone structures are almost identical with the exception of the loop Gly322-Ser325 with the metal ion that occupies site three.
The TGase 3 protein architecture consists of four folded domains (β-sandwich domain, core domain, β-barrel 1 and β-barrel 2 domains), which we described previously (27, 28) . The core domain harbors the active site residues Cys272, His330, and Asp353 (Figure 4 ). This catalytic triad is shielded from contact with the solvent because it is buried within a narrow cleft with walls formed by two β-sheet strands of the catalytic core domain and the carboxyl-terminus of β−barrel 1. In addition, the core domain possesses three functional Ca 2+ /Mg 2+ metal binding sites indicated in Figure 3A and B. A comparison of the GTPγS and the GDP complexes shows the major differences are limited to three locations in the protein, which we denote as switch regions I-III (described below).
The GTPγS/GDP Binding Pocket
The electron density unequivocally indicates the presence of bound GTPγS and In the TGase 3.GTPγS as well as in the TGase 3.GDP complex, the α− and β-phosphates are pointed toward Lys485, Lys487 and Arg587 side-chains. In the GTPγS complex, the γ-phosphate is pointed toward the side-chain of Asn168. Importantly, Lys485 and Lys487 (Arg476 and Arg478 in TGase 2) residues could serve as the "lysine finger", which has been shown to be essential for stabilizing the transition states for GTP hydrolysis by the α-subunit (44, 45) and Ras-related small G proteins (43) . A plausible mechanism for TGase 3 catalyzed GTP hydrolysis would require the Asn168 carboxyl side-chain to act as the general base necessary for abstracting a proton from water that would then serve as the nucleophile for hydrolysis reaction. The side-chain of Asn168 is within hydrogen bonding of P-γS in the GTPγS complex bond and existence of three nearby water molecules that could assist in the hydrolysis reaction.
The positive charges of Lys485 and Lys487 would likely help orient the γ-phosphate group and stabilize the negative charges that develop on the γ-phosphate group during hydrolysis.
The effect of GTPγS on metal ion binding
We have previously identified the sites and coordination types for the three calcium ions associated with the catalytic domain in the activated form of TGase 3 when guanine nucleotide was not bound. Ca 2+ ion binding at sites 2 and 3 result in the activation of the enzyme and the opening of a channel toward the active site (27, 28 (28) . In the structure with GTPγS, we find that all three divalent cation binding sites are indeed occupied, with site 3 showing significant differences when compared to our TGase 3 structure in the absence of nucleotides. The Ca 2+ ion at site 1 occupies the identical location in both the GTPγS bound and unbound structures with the same pentagonal bipyramid heptacoordination previously reported (27) . The second metal site in the GTPγS is occupied by Ca 2+ ion, but there is a change in coordination when compared to the activated enzyme without GTP (27, 28) . In the absence of guanine nucleotide, we had previously found the coordination involved the carbonyl side-chain oxygen groups of Glu443, which provides a bidentate interaction with the calcium ion at this site.
Additional coordination is provided by carbonyl side-chain oxygen groups of Asn393, and Glu448, the main chain carbonyl oxygen atoms of Ser415, and additional oxygens for coordination from two water molecules. However, in the GTPγS complex, while the coordination is not changed with respect to most of the participating residues and water molecules, the Glu443 provides only monodentate coordination instead of bidentate with the Ca 2+ ion. This is attributable to a shift in the position of the nearby His416 sidechain, providing a hydrogen bond to Glu443 side-chain oxygen instead. This shift in the coordination site of Ca 2+ at site 2 (the switch-II region in Figure 4D ) appears to derive from a more dramatic change in metal occupancy at the third divalent cation binding site.
The most significant difference between our GTPγS structure and our tri-calcium structure without guanine nucleotide, is related to the third metal binding site (switch-III region in Figure 5 ). When no nucleotide is present, site 3 is bound by Ca 2+ ion in a classic hepta coordination environment in the activated TGase 3 form (27) Figure 5D ). One conformation is identical to that observed in the TGase 3.GTPγS structure (described above), and the other was previously observed in the activated enzyme without guanine nucleotide (28 crystallization. An inspection of 2|Fo|-|Fc| and omit electron density map of the structure at Ca 2+ ion site 2 further shows that His416 in the GDP structure has two conformations with equally clear electron density for both side-chains. In one conformation, the relative orientation of the imino group of His416 is within hydrogen bonding distance of the side-chain carboxyl group of Asn414 and two water molecules when the Ca 2+ ion at site 3 is present. In the second conformation, however the imino group of His416 has swung away and is hydrogen bonded to the side-chain carboxyl group of Glu443, forcing it to lose its bidentate coordination to become monodentate with respect to the Ca 2+ ion at site 2 when the Mg 2+ ion at site 3 is present. As such, with respect to the His416 conformation, the ligation of Ca 2 + ion by Glu443, the complex (inactive enzyme) and the tri-calcium form of the enzyme without nucleotide bound (active enzyme).
The implication of GTPγS/GDP for substrate access to the active site
It has been shown that the channel opening and closing to the active site could be modulated based on which metal is bound at site 3 (28) . Furthermore it has been
proposed that the front of the channel could be used by the two substrates for enzyme reaction (47) , based on detailed analyses of current structural information on the zymogen and the activated forms of TGase 3. Therefore, we examined the crystal structures in the presence of GTPγS versus GDP in terms of their implications for substrate access to the active site residues including Cys272. To do this, we relied on electrostatic surface representations of the structures that allow examination of the access to the enzyme's active site. Previously, we showed that a central channel to the active site is associated with the tri-calcium bound, activated TGase 3 structure (27) . In the TGase 3.GTPγS complex, however, we see this channel closed ( Figure 6A ), consistent with the biochemically observed loss of transamidation activity that accompanies GTP binding (Figure 1 ). In the GDP complex, the two simultaneous conformations are associated with both the closed and open substrate channels respectively ( Figure 6B ). This would indicate that the TGase 3 is able to readily shift between the active and inactive states when bound to GDP. 
DISCUSSION
There had previously been no direct evidence that TGase enzymes other than TGase 2 could bind, and hydrolyze or become inhibited by guanine nucleotides. We have relied on isothermal calorimetry, to demonstrate the direct guanine nucleotide binding of TGase 3 (Figure 1 ). Moreover, we showed that while calcium ions activate the enzyme (Figure 2A ), GTP binding leads to the inhibition of the enzyme's activity in a concentration dependent manner ( Figure 2C, 2F) . We also showed that an increase in Mg 2+ ion concentrations is associated with loss of the enzyme transamidation activity.
In the presence of higher Mg 2+ concentrations, GTP binds to the enzyme ( Figure 2B ).
The biochemical data in Figure 2 suggests that Ca 2+ ion and guanine nucleotides/ Mg 2+ reciprocally regulate the enzyme. Furthermore, we showed that GTP is hydrolyzed by A comparison of the TGase 2 enzyme structure recently reported bound to GDP (26) , with that of the current structures of TGase 3, indicates that although there is only a 48% sequence identity between these enzymes, there is only a 1.33 Å RMSD relating the structures of their Cα atoms ( Figure 7A, B) . Both enzymes bind guanine nucleotides in the same cleft, although they use different amino-acid residues for binding. The comparison between TGase 3 and TGase 2 can not be extended to the Ca 2+ binding sites in these two enzymes, since the TGase 2 enzyme structure reported did not indicate the presence of any calcium ions. As a result, one sees some structural differences associated with the residues near the TGase 3 calcium sites. For example, Figure 7C shows that a loop adjacent to the second metal binding site, consisting of Asn411-Thr417 in TGase 3 and Ser415-Ileu421 at equivalent positions in TGase 2, adopts different conformations.
The TGase 2 enzyme is activated by calcium ions and inactivated by guanine nucleotides (24) . Because the structure of the TGase 2.GDP complex recently reported did not contain or address these metal sites (26), it is not possible to infer how calcium and guanine nucleotides reciprocally regulate that enzyme. In this regard, our structural examination is more revealing as both our TGase 3.GDP and GTPγS structures clearly show the three bound divalent cations as well as the GTPγS/GDP nucleotides. Notably, the GTPγS complex shows a Mg 2+ ion at site 3, whereas we have previously shown that in the absence of guanine nucleotide the enzyme has only Ca 2+ associated at this site (27) . Moreover, we have shown that an increase in Mg 2+ ion concentrations alone even without GTP, can inhibit the enzyme, raising the possibility that GTP binding and Mg 2+ ion substitution at site 3 represent a coordinated event in the inactivation of TGase 3 (28) . A set of concerted changes in the enzyme structure, stemming from the binding of GTP and Mg 2+ ion cause the closing of the channel required for substrate access to the active site (47) . Thus, the GTPγS imparts the inactive state through a set of local structural rearrangements and not through its direct occlusion of the active site. Consistent with this hypothesis, the guanine nucleotide binding site is far from the active site (22.9 Å from Cα atom of Cys272).
Interestingly, the GTPγS structure and the GDP structure did not show significant overall structural rearrangements. This finding is consistent with the thermodynamic data that were presented, in which GTPγS and GDP bind with similar affinities and enthalpies to TGase 3. A more surprising finding is that the GDP complex has characteristics of both the active state with substrate access (Ca It is interesting to note that the sequence analysis of TGase 2 versus 3, together with the previous structure of the TGase 2.GDP complex could not explicitly predict that TGase 3 would bind to and hydrolyze GTP. Figure 8 shows that while TGase 2 uses a Phe for stacking over the guanine ring, TGase 3 uses the same task with an Arg residue. Moreover, a pair of Arg residues "arginine finger" that are used for coordination of the γ-phosphate of GTP by TGase 2 are replaced with a pair of Lys residues in TGase 3 "lysine finger". These changes in key amino acids that still provide equivalent functions strongly suggest that several other TGase enzymes could use still other types of residues to mediate essential interactions with guanine nucleotides.
Accession Numbers
Coordinates have been deposited in the protein databank under ID codes 1RLE (GTPγS complex), and 1RLL (GDP complex).
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